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)LJ$VFKHPDWLFRIGLYHUJHQWVRODUFKLPQH\SRZHUSODQW

,Q UHFHQW \HDUV WKH FKLPQH\ VKDSHKDVEHHQGLVFXVVHG IURP WKHSHUVSHFWLYHRI V\VWHPSHUIRUPDQFH
7DEOH  VXPPDUL]HV SXEOLFDWLRQV LQ ZKLFK WKH F\OLQGULFDOFKLPQH\ 6&33V ZDV FRPSDUHG ZLWK WKH
GLYHUJHQWFKLPQH\ 6&33V 2EYLRXVO\ WKH GLYHUJHQW FKLPQH\V VKRZHG D EHWWHU SHUIRUPDQFH FRPSDUHG
ZLWK WKH F\OLQGULFDO FKLPQH\V LQ WKH QXPHULFDO DQG WKH H[SHULPHQWDO RXWFRPHV%HVLGHV WKH QXPHULFDO
VLPXODWLRQLQGLFDWHGWKDW WKHSHUIRUPDQFHRI WKHGLYHUJHQWVRODUFKLPQH\ZDVJRYHUQHGE\VRPHVKDSH
FRQWUROOLQJSDUDPHWHUVWKDWLVWKH'LYHUJHQW$QJOH'$>@DQGWKH$UHD5DWLR$5RIWKHGLYHUJHQW
FKLPQH\ H[LW RYHU LWV HQWUDQFH > @1RWDEO\ WKH SRZHU RXWSXW RI WKH GLYHUJHQW FKLPQH\V LQ7DEOH 
YDULHGYHU\PXFK LQGLIIHUHQWVWXGLHVZKLFKPD\EHDWWULEXWHG WR WZR LVVXHV DXWKRUVXVHGGLIIHUHQW
GLPHQVLRQVRI6&33VIRU WHVWLQJ WKHGLYHUJHQWFKLPQH\VDQGGLIIHUHQWVKDSHFRQWUROOLQJSDUDPHWHUV
ZHUH DGRSWHG IRU GHILQLQJ WKH VKDSH RI WKH FKLPQH\V 1HYHUWKHOHVV EDVHG RQ WKH UHVXOWV RI SUHYLRXV
VWXGLHVWKHEHWWHUSHUIRUPDQFHRIWKHGLYHUJHQWFKLPQH\VVKRXOGEHGLVWLQFWO\VWDWHG
7DEOH3XEOLFDWLRQVRQWKHFKLPQH\VKDSHLPSDFWRQWKHSHUIRUPDQFHRI6&33V
3DSHU 6\VWHPGLPHQVLRQ &KLPQH\VKDSH 3RZHURXWSXW
.RRQVULVXN et al.>@ &ROOHFWRUGLDPFKLPQH\KHLJKWP $UHDUDWLRWR WR
0LQJet al.>@ &ROOHFWRUGLDPFKLPQH\KHLJKWP $UHDUDWLRWR WR
3DWHOet al.>@ &ROOHFWRUGLDPFKLPQH\KHLJKWP 'LYHUJHQWDQJOHWR WR
2NDGDet al.>@ &ROOHFWRUGLDPFKLPQH\KHLJKWP 'LYHUJHQWDQJOH a
1RUPDOL]HGE\WKHSRZHURXWSXWLQWKHF\OLQGULFDOFKLPQH\6&33V

7KHDLPRIWKLVVWXG\LVWRQXPHULFDOO\LQYHVWLJDWHWKHHQKDQFHPHQWLQWKH6&33SHUIRUPDQFHRIXVLQJ
GLYHUJHQW FKLPQH\V WKURXJK D VHULDO RI SDUDPHWULF VWXGLHV 7KH GLVFXVVHG SDUDPHWHUV LQFOXGHG WKH
GLPHQVLRQVRI WKH6&33VDQG WZRVKDSHFRQWUROOLQJSDUDPHWHUVQDPHO\ WKH'LYHUJHQW$QJOH '$DQG
WKH$UHD5DWLR$57KUHHFKLPQH\KHLJKWVZHUHFRQVLGHUHGLQWKHQXPHULFDOVWXG\)RUHDFKFKLPQH\
KHLJKWWKHVKDSHRIWKHGLYHUJHQWFKLPQH\VZDVIXUWKHUGHILQHGZLWKWKH$5DQGWKH'$UHVSHFWLYHO\%\
WKLVZHVXSSRVHGWRGLVFXVVZKHWKHUWKHYDULDWLRQLQWKHSHUIRUPDQFHRIWKHGLYHUJHQWFKLPQH\DORQJWKH
WZRVKDSHFRQWUROOLQJSDUDPHWHUVZRXOGEHLQGHSHQGHQWRIWKHFKLPQH\KHLJKWVRUQRW2QWKHRWKHUKDQG
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WKHSDUDPHWULFVWXGLHVPD\DOVRUHYHDOWKHG\QDPLFIHDWXUHVJRYHUQHGE\WKHVKDSHFRQWUROOLQJSDUDPHWHUV
WKDWZRXOGEHQHILWIRURSWLPL]LQJWKHV\VWHPSRZHURXWSXW

0HWKRGRORJ\
2.1. Physical configuration 
)RUFRPSDULQJWKHFRQYHQWLRQDOF\OLQGULFDOFKLPQH\ZLWKWKHGLYHUJHQWFKLPQH\VWKHILUVWODUJHVFDOH
SURWRW\SHRI6&33LQ0DQ]DQDUHVRI6SDLQZDVVHOHFWHGDVWKHEHQFKPDUNFDVH7KHRSHUDWLRQVWDWXVRI
WKLV 6&33ZDV UHSRUWHG E\ +DDI et al. >@ VR WKDW LW LV HDV\ WR HYDOXDWH WKH QXPHULFDO UHVXOWV RI WKH
GLYHUJHQWFKLPQH\VZLWKWKHSHUIRUPDQFHRIWKHSUDFWLFDOV\VWHP
5HIHUULQJ WR WKH0DQ]DQDUHVSLORWDOO WKHVLPXODWHGFDVHVKDYHDFRQVLVWHQWVWUXFWXUHRQ WKHJURXQG
WKDW LV WKHVRODUFROOHFWRU WKDWZDV LQ WKHUDGLXVRIPDQGWKHKHLJKWRIP6LPXOWDQHRXVO\ WKH
GLYHUJHQW FKLPQH\ ZDV GHVLJQHG LQ WHUPV RI WKUHH WRSLFV  WKH HQKDQFHPHQW HIIHFW RI GLYHUJHQW
FKLPQH\VSHUIRUPDQFHJRYHUQHGE\WKHDUHDUDWLRSHUIRUPDQFHJRYHUQHGE\WKHGLYHUJHQWDQJOH
'HWDLOHG FRQILJXUDWLRQV DUH VKRZQ LQ7DEOH  )RU HDFK JURXS RI WKH GLYHUJHQW FKLPQH\V WKHUHZDV D
FRUUHVSRQGLQJEHQFKPDUNFDVHWKDWKDVDF\OLQGULFDOFKLPQH\ZLWKWKHVDPHHQWUDQFHUDGLXVDQGKHLJKW
7DEOH&RQILJXUDWLRQVRIWKHVLPXODWHGFKLPQH\V
7RSLF *URXS +HLJKW (QWUDQFHUDGLXV 6KDSHFRQWUROOLQJSDUDPHWHU
(QKDQFHPHQWHIIHFW  P P $UHDUDWLR««
$UHDUDWLRLPSDFW  P P $UHDUDWLR
 P P $UHDUDWLR
 P P $UHDUDWLR
'LYHUJHQWDQJOHLPSDFW  P P 'LYHUJHQWDQJOH
 P P 'LYHUJHQWDQJOH
 P P 'LYHUJHQWDQJOH
2.2. Numerical model 
7KHDLUPRYHPHQWLQVLGHWKHPKLJK6&33ZDVDEXR\DQF\GULYHQWXUEXOHQWIORZ>@7KXVWKH
HTXDWLRQNİWXUEXOHQFHPRGHOZDVLPSOHPHQWHGIRUREWDLQLQJQXPHULFDOUHVXOWVIURPWKHFRPPHUFLDO
&)' VRIWZDUH $16<6 )/8(17  .RRQVULVXN >@ REVHUYHG D GHJUDGDWLRQ LQ WKH SHUIRUPDQFH RI
GLYHUJHQWFKLPQH\VWKDWPLJKWEHFDXVHGE\WKHERXQGDU\OD\HUVHSDUDWLRQQHDUWKHFKLPQH\ZDOOVLPLODU
UHVXOWV ZDV REWDLQHG LQ 6HFWLRQ  +HQFH WKH 5HDOL]DEOH Nİ WXUEXOHQFH PRGHO ZDV XVHG LQ RXU
VLPXODWLRQZKLFK KDV EHWWHU SHUIRUPDQFHZLWK IORZ LQYROYLQJ VHSDUDWLRQV >@ 7KH QHDUZDOO WUHDWPHQW
DGRSWHG WKH HQKDQFHG ZDOO WUHDWPHQW IRU WKH VHSDUDWLRQ LVVXH DV ZHOO 7KH EXR\DQW HIIHFW ZDV RQO\
FRQVLGHUHGLQWKHERG\IRUFHWHUPLQWKH1DYLHU6WRNHVHTXDWLRQVE\XVLQJWKH%RXVVLQHVT$SSUR[LPDWLRQ
7KHSRWHQWLDOSRZHURXWSXWRIWKHVLPXODWHG6&33VZDVHVWLPDWHGE\DPDWKHPDWLFDOPRGHO>@
Pout = x Â (1-x) 0.5 Â Șt Â¨p Â m / ȡ0                                                                                          
*LYHQx ZHREWDLQHGWKHSRWHQWLDOSRZHURXWSXWRIWKHV\VWHP>@7KHWXUELQHJHQHUDWRUHIILFLHQF\
ȘtZDV VHW WR 7KH GULYLQJ SRWHQWLDO¨pZDV TXDQWLWDWLYHO\ HTXDO WR WKH DEVROXWH YDOXH RI JDXJH
SUHVVXUHDWWKHFKLPQH\HQWUDQFH
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7DEOHVKRZVWKHVHWWLQJVDWWKHFULWLFDOERXQGDULHVRIWKHIORZGRPDLQ7RVLPSOLI\WKHFRPSXWDWLRQ
WKH'VWUXFWXUHRI6&33ZDVFRQYHUWHGLQWRD'DV\PPHWULFVWUXFWXUHE\VHOHFWLQJWKHFHQWHUOLQHRIWKH
FKLPQH\DV WKHV\PPHWU\D[LV6WUXFWXUHGJULGZDVXVHGLQ WKHVLPXODWLRQ$VHQKDQFHGZDOO WUHDWPHQW
ZDVLPSOHPHQWHGWKHQHDUZDOOJULGZDVIXUWKHUUHILQHGIRUDFTXLULQJWKH\RIa:LWKWKHWHVWVRQJULG
LQGHSHQGHQFHWKHFHOOTXDQWLW\LQWKHJULGUHDFKHGa7KHVHFRQGRUGHUVFKHPHVDQGWKH6,03/(
DOJRULWKPZHUHXWLOL]HGIRUWKHQXPHULFDOVROXWLRQ
7KHPKLJKF\OLQGULFDOFKLPQH\FDVHZDVILUVWHYDOXDWHGZLWKWKHUHFRUGRIWKH0DQ]DQDUHV6&33
IRUH[DPLQLQJWKHYDOLGLW\RIRXUQXPHULFDOPRGHO7KHFDOFXODWHGYHORFLW\DWWKHFKLPQH\HQWUDQFHZDV
PVZKLFKLVKLJKHUWKDQWKHPHDVXUHPHQWaPV7KLVRYHUHVWLPDWLRQLQYHORFLW\PD\EH
DWWULEXWHG WR WKH KLJKHU DLU WHPSHUDWXUH ULVH  . 96  . UHODWLYH WR WKH SUDFWLFDO V\VWHP
&RQVLGHULQJ WKDW WKH XQFHUWDLQWLHV LQ WKH VRLO SURSHUWLHV DQG WKH DGLDEDWLF DVVXPSWLRQ DW WKH VROLG
ERXQGDULHVPD\FRQWULEXWHWRWKHRYHUHVWLPDWLRQWKLVHUURUVKRXOGEHDFFHSWDEOHDQGWKXVWKHPRGHOZDV
YDOLGIRUWKHVXEVHTXHQWVWXG\RQWKHGLYHUJHQWFKLPQH\V
7DEOH%RXQGDU\FRQGLWLRQVRIWKHQXPHULFDOVLPXODWLRQV
6XUIDFH 7\SH 9DOXH
&ROOHFWRUURRI :DOO 0L[HGText .hs :P.İext 
*URXQG :DOO &RXSOHGQ N:PDthickness P
,QOHWRIFROOHFWRU 3UHVVXUHLQOHW Text .pgauge 3D
H[LWRIFKLPQH\ 3UHVVXUHRXWOHW Text .pgauge 3D
5HVXOWVDQGGLVFXVVLRQ
3.1. Enhancement effect of divergent chimneys on SCPP 
7KHSHUIRUPDQFHRIWKHGLYHUJHQWFKLPQH\VZDVH[DPLQHGE\WKHVWJURXSFRQILJXUDWLRQVWKDWLVWKH
PKLJK6&33VZLWKLQDUDQJHRIWKH$5VIURPWR7KHQXPHULFDOUHVXOWVDUHQRUPDOL]HGE\WKH
F\OLQGULFDOEHQFKPDUNFDVHDVVKRZQLQ)LJ2EYLRXVO\DKLJKHUSRZHURXWSXWFRXOGEHDFKLHYHGLQ
WKH GLYHUJHQW FKLPQH\V 7KH GLYHUJHQW FKLPQH\V KDYH DQ HQKDQFHPHQW HIIHFW RQ WKH SHUIRUPDQFH RI
6&33V+RZHYHUWKHSRZHURXWSXWRIGLYHUJHQWFKLPQH\VILUVWLQFUHDVHVXQWLO$5 DWZKLFKWKHSHDN
SRZHU RXWSXW LV  WLPHV RI WKDW RI WKH EHQFKPDUN FDVH $IWHU WKDW WKH SRZHU RXWSXW GHFOLQHVZLWK
IXUWKHULQFUHDVLQJWKH$5ZKLFKPD\EHFDXVHGE\WKHVHSDUDWLRQRIWKHERXQGDU\OD\HUVDWWKHFKLPQH\
ZDOOV>@7KHVHFKDQJHVVKRXOGEHDWWULEXWHGWRWKHDQDORJRXVWHQGHQFLHVLQWKHGULYLQJSRWHQWLDODQGWKH
PDVVIORZUDWHZKLFKZHUHDOVRREVHUYHGLQRWKHUVLPXODWLRQV>@0HDQZKLOHLWFDQEHLQIHUUHGWKDW
VLPLODU WHQGHQF\ VKRXOGEHREVHUYHG DORQJ WKH'$VDV WKH$5FDQEH FRQYHUWHG LQWR WKH'$ZLWK WKH
FKLPQH\KHLJKW
1RWDEO\WKHWHPSHUDWXUHULVH¨7LQWKHGLYHUJHQWV\VWHPVKDVWKHVPDOOHVWYDULDWLRQFRPSDUHGZLWK
RWKHU SDUDPHWHUV¨7 UHDFKHV. LQ WKH F\OLQGULFDO FKLPQH\ZKLOH LW LVa. LQPDMRULW\ RI WKH
GLYHUJHQW FDVHV (YHQ WKH ORZHU WHPSHUDWXUH LV PHDQW WR GHFUHDVH WKH GULYLQJ SRWHQWLDO WKH GULYLQJ
SRWHQWLDOLQWKHGLYHUJHQWFKLPQH\VLVODUJHUGXHWRWKHSUHVVXUHUHFRYHU\PHFKDQLVPRIWKHGLIIXVRUOLNH
VKDSH




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
)LJ1RUPDOL]HGUHVXOWVRIWKHVLPXODWHGGLYHUJHQWFKLPQH\VZLWKDUHDUDWLRIURPWR

3.2. Performance of divergent chimneys governed by shape-controlling parameters 
)LJXUH D LOOXVWUDWHV WKH QRUPDOL]HG SRZHU RXWSXWV LQ WKUHH JURXSV RI WKH GLYHUJHQW FKLPQH\V WKDW
KDYHGLIIHUHQWKHLJKWVEXWWKHVDPH$5V*URXSVWRLQ7DEOH6LJQLILFDQWO\WKHUHLVQRWDFRQVLVWHQW
WHQGHQF\ LQSRZHURXWSXWDORQJ WKH$5V LQ WKH WKUHHJURXSV5HODWLYH WR WKHPFKLPQH\JURXS WKH
SHDNSRZHURXWSXWLVKLJKHUDQGDWWDLQHGDWDODUJHU$5 LQWKHPFKLPQH\JURXSZKLOH
WKHGHJUDGDWLRQRISRZHURXWSXWLVPXFKVORZHUDVZHOO,QFRQWUDVWSRRUHUSHUIRUPDQFHLVREVHUYHGLQ
WKHPFKLPQH\JURXS7KHKLJKHVWQRUPDOL]HGSRZHURXWSXWLVRQO\DW$5 :LWK$5!WKH
SRZHURXWSXWGHFUHDVHVPXFKIDVWHUWKDQWKHRWKHUWZRJURXSVDQGFRQVHTXHQWO\WKHFDVHRI$5 HYHQ
DFKLHYHVDORZHUSHUIRUPDQFHWKDQWKHF\OLQGULFDOEHQFKPDUNFDVH
)LJXUHELOOXVWUDWHVWKHQRUPDOL]HGSRZHURXWSXWVLQWKUHHJURXSVRIGLYHUJHQWFKLPQH\VWKDWKDYH
GLIIHUHQWKHLJKWVEXWWKHVDPH'$V*URXSVWRLQ7DEOH7KHFKDQJHUDWHVRIWKHQRUPDOL]HGSRZHU
RXWSXWLQWKHWKUHHJURXSVDUHIDLUO\FORVH)RULQVWDQFHWKHFKDQJHVRIWKHRXWSXWLQPPDQG
PFKLPQH\JURXSDUHDQGZKHQ WKH'$ LQFUHDVHV IURP WR7KHSRZHURXWSXW
GHFOLQHVDOLWWOHIDVWHULQWKHPFKLPQH\IURPWREXWWKHDJUHHPHQWRQWKHGHFUHDVLQJUDWHLV
VWLOOEHWWHUWKDQWKDWLQ)LJD0HDQZKLOHWKHSHDNSRZHURXWSXWPD\ORFDWHLQWKHVDPHUDQJHRI
WR LQDOO WKHWKUHHJURXSVFRQWUROOHGE\WKH'$VZKLFKDOVRLQGLFDWHVDVLPLODUFKDQJHUDWHRI WKH
WKUHHJURXSV










)LJ1RUPDOL]HGSRZHURXWSXWRIWKHGLYHUJHQWFKLPQH\VZLWKYDULRXVDDUHDUDWLRVDQGEGLYHUJHQWDQJOHV

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7KHUHVXOWVLQ)LJELQGLFDWHGWKDWWKH'$FRXOGFRQWUROWKHFKDQJHUDWHRIWKHHQKDQFHPHQWHIIHFW
RIWKHGLYHUJHQWFKLPQH\VRQWKHSHUIRUPDQFHRI6&33V:LWKWKLVSRLQWZHFDQIXUWKHUH[SODLQZK\WKH
GHJUDGDWLRQVSHHGYDULHVVLJQLILFDQWO\LQ)LJD*LYHQDFRQVWDQW$5WKHWDOOHUFKLPQH\VKDGVPDOOHU
GLYHUJHQW DQJOHV )RU LQVWDQFH WKH FDVHV RI $5    WKH '$V RI WKH P P DQG PKLJK
FKLPQH\DUHDQG UHVSHFWLYHO\&RUUHVSRQGLQJO\ WKHHQKDQFHPHQWHIIHFWRI WKHP
KLJKFKLPQH\VVWDUWV WRGHJUDGHVLQFH$5!ZKLOH WDOOHUFKLPQH\VKDYHDVORZHUGHJUDGDWLRQLQWKH
SHUIRUPDQFH
2QWKHRWKHUKDQGZLWKWKHVLPLODUSHUIRUPDQFHRIWKHFDVHVRI$5 LQ)LJDZHDOVRLQIHUUHG
WKDWWKH$5PD\GHWHUPLQHWKHVWUHQJWKRIWKHHQKDQFHPHQWHIIHFWLQSRZHURXWSXW,IWKH'$LVIL[HGD
WDOOHUFKLPQH\KDVDODUJHU$57KHUHIRUHWKHPKLJKFKLPQH\VKDYLQJODUJHU$5VKDYHWKHKLJKHVW
QRUPDOL]HGSRZHURXWSXWZKLOHWKHPKLJKFDVHVKDYHWKHORZHVWLQ)LJE
&RQFOXVLRQ
,Q WKLVVWXG\ZHKDYHQXPHULFDOO\H[DPLQHG WKHSHUIRUPDQFHRIGLYHUJHQWFKLPQH\V LQ6&33VZLWK
WZRVKDSHFRQWUROOLQJSDUDPHWHUVWKDWLVWKH$5DQGWKH'$+LJKHUSRZHURXWSXWKDVEHHQREVHUYHGLQ
WKHVLPXODWLRQIRUWKHFKLPQH\VZLWK$5VIURPWRZKLFKGHPRQVWUDWHGDQHQKDQFHPHQWHIIHFWRI
WKH GLYHUJHQW FKLPQH\V RQ WKH SHUIRUPDQFH RI 6&33V )XUWKHUPRUH WKLV HQKDQFHPHQW HIIHFW VKRZV D
SDUDEROLFWUHQGZLWKLQFUHDVLQJ$5RU'$
'LIIHUHQW LPSDFWVRI$5VDQG'$VRQ WKHHQKDQFHPHQWHIIHFWKDYHEHHQUHYHDOHGE\ WKHSDUDPHWULF
VWXGLHVZLWKPXOWLSOH FKLPQH\ KHLJKWV7KH UHVXOWV LQGLFDWH WKDW WKH$5GHWHUPLQHV WKH VWUHQJWK RI WKH
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SHUIRUPDQFH RI WKH GLYHUJHQW FKLPQH\V IRU GLIIHUHQW VFDOHV RI 6&33V D FRQVLVWHQF\ LQ WKH RYHUDOO
JHRPHWU\RIWKHFKLPQH\WKDWLVWKHVLPLODULW\LQJHRPHWU\LVUHTXLUHG6XEVHTXHQWZRUNVRQGLYHUJHQW
FKLPQH\VZLWKVLPLODUJHRPHWU\DUHFXUUHQWO\XQGHUWDNHQ
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